Epigenetic regulation of gene expression is critical in the maintenance of cellular homeostasis. Dysregulation of normal epigenetic transcription occurs in abnormal physiological conditions, such as those seen in cancer cells and cells infected with parasites, making the mechanism underlying abnormal epigenetic transcription of great interest. Gene expression of human T-cell leukemia virus type 1 (HTLV-1) is regulated by a viral transcriptional stimulator, Tax. We herein report a novel mechanism of transcription from the HTLV-1 long terminal repeat (LTR) that is regulated by Tax. In this study, we determined that Tax is able to activate transcription from the LTR, even when it was heavily methylated. In addition, the methyl-CpG-binding domain 2 (MBD2) protein played an important role in Taxmediated transcriptional activation. We demonstrated the importance of a physical interaction between Tax and MBD2 in enhancing the transcriptional activity of Tax against the methylated LTR. Furthermore, we identified the formation of a protein complex composed of MBD2 and Tax bound to the methylated LTR. We propose a new model of epigenetic regulation by MBD2 acting in concert with a virally encoded transactivator, Tax. Our observation provides insight into the epigenetic regulation of gene expression and the diverse mechanisms of transcriptional regulation using methylated promoters.
Introduction
The Tax protein, encoded in the env-pX region of human T-cell leukemia virus type 1 (HTLV-1), is a multifunctional protein that regulates the transcription of both viral and cellular genes via interactions with cellular proteins (Jeang et al., 1990; Colgin and Nyborg, 1998; Nicot and Harrod, 2000; Nicot et al., 2001; Kibler and Jeang, 2001) . Tax is involved in cellular immortalization, cell cycle dysregulation, and aberrant signal transduction (reviewed in Uchiyama, 1997; Yoshida, 2001; Jeang et al., 2004; Matsuoka, 2003) . The diverse biological functions of Tax are believed to be closely related to cellular transformation and HTLV-1-derived leukemogenesis. HTLV-1 viral genes are transcribed from the 5 0 long terminal repeat (LTR) of the HTLV-1 provirus. Transcription from the LTR promoter is potently activated by Tax. Tax is recruited to the viral LTR by binding to cyclic AMP-responsive element (CRE)-binding protein (CREB) and histone acetyltransferases (HAT) such as CBP/p300 (Kwok et al., 1996) . It is currently thought that the CREB-Tax-HAT interactions are essential for transcriptional activation from the LTR. Previous reports, however, demonstrated that Tax also interacts with histone deacetylase (HDAC)1 (Ego et al., 2002) . HDAC-2 and -3 are also recruited onto the LTR as part of a transcriptional complex (Lemasson et al., 2002 (Lemasson et al., , 2004 Lu et al., 2004) , suggesting that LTRmediated transcription is regulated by Tax. Thus, transcription from the HTLV-1 LTR is regulated by the balance of chromatin modifiers, such as HATs and HDACs.
Methylation is a simple covalent modification of DNA functioning in the basic host defense against transposons and retroviruses and the differential control of host gene expression. DNA methylation is closely related to stable transcriptional repression by recruitment of methyl-DNA-binding proteins and transcriptional repressor protein complexes (including HDACs) to hypermethylated regions (reviewed in Wade, 2001) . Aberrant DNA methylation patterns are observed in cancerous cells and virally infected cells (reviewed in Esteller and Herman, 2002; Egger et al., 2004) . While abnormal DNA methylation status may induce the aberrant gene expression seen in cancerous cells, the molecular triggers of aberrant DNA methylation remain unclear. The DNA methylation reaction is catalysed by de novo or maintenance DNA methyltransferases. Methylated DNA is passively demethylated during DNA replication. Although the parental double-stranded DNA is methylated, the newly synthesized daughter DNA strands are unmethylated. The methylation status, however, is maintained by DNAmethyltransferase 1 (Dnmt1). In this manner, DNA methylation status reflects 'inheritable' information. While rapid demethylation can be observed during early embryogenesis in mice (Santos et al., 2002) , the mechanisms of replication-independent active demethylation remain unclear.
Of the several methyl-CpG-binding proteins identified and characterized, MeCP2 plays an important role in methylation-dependent gene silencing. Additional methyl-CpG-binding proteins, MBDs (methyl-CpGbinding domain), form a family containing several variants. MBD2, the best characterized of this family, is contained in the MeCP1 complex and serves as a key molecule involved in methylation-derived gene silencing (Ng et al., 1999; Feng and Zhang, 2001 ). MBD2 associates with NuRD and HDACs to recruit these cofactors to methylated DNA regions. The MeCP1 complex alters the structure of chromatin to facilitate gene silencing. Recently, however, MBD2 was shown to function in transcriptional activation (Detich et al., 2002; Fujita et al., 2003) , adding to its diverse functions.
During our investigation of the role of Tax in the regulation of transcription from the HTLV-1 LTR, we discovered that Tax activated transcription from a hypermethylated promoter. MBD2 plays an important role in this activation, possibly through physical interactions with Tax.
Results

HTLV-1 Tax activates transcription from in vitro-methylated LTR promoter
HTLV-1 Tax possesses a potent transcriptional activity for various cellular genes and the HTLV-1 LTR. Here, we determine that Tax activated transcription from a Tax-responsive element (TxRE) in pTxRE-Luc, even when this sequence was methylated at CpG residues (Figure 1a and b) . A similar result was obtained when the experiment was performed in HeLa cells (data not shown). Tax-mediated transcriptional activation was also observed using the methylated native LTR (data not shown). Although the transcriptional activity of Tax against the methylated LTR was approximately onesixth that from the unmethylated LTR, we believe this activation from the methylated LTR to be meaningful. MT-1 and TL-Om1 are HTLV-1-infected cells in which expression of the viral gene is shut off due to heavy DNA methylation of the provirus (Koiwa et al., 2002) . Ectopic expression of Tax in these cells, however, restored expression of the viral genes gag and env (Figure 1c ). Tax-mediated transactivation of transcription from the methylated promoter is specific to promoters containing TxRE, as we could not observe the transcriptional activation of methylated promoters containing CRE, AP-1 elements with artificial CpGs, p53-responsive elements (p53-RE) with artificial CpGs, Figure 5b (Figure 1d ). These observations suggest that Tax activated transcription from the methylated LTR.
Tax activates transcription from methylated LTR in a CREB-independent manner Tax-mediated trans-activation of transcription from LTR is mediated by recruitment of the CREB/Tax complex to TxRE within the HTLV-1 LTR. Suppression of CREB-mediated transcription from a methylated CRE-containing promoter or of AP-2-mediated transcription from its cognate methylated promoter results from the inability of these factors to interact with the methylated promoters (Iguchi-Ariga and Schnaffner, 1989; Comb and Goodman, 1990; Palvimo et al., 1991) . Therefore, it is important to clarify the involvement of CREB in Tax-mediated transcription from the methylated LTR. Because there was the possibility that a small amount of CREB was bound to methylated LTR and enabled to activate transcription, we examined the effect of a dominant-negative form of CREB (CREB-DN) on Tax-mediated transcription using a luciferase reporter assay. The CREB-DN form used in this study forms hetero-or homodimers with wild-type CREB and other ATF family proteins. These complexes, however, are unable to bind DNA (Walton et al., 1992; and Figure 2a) . Overexpression of CREB-DN resulted in a great reduction of CREB bound to CRE (Figure 2a) . Thus, the overexpression of CREB-DN interferes the DNA binding of wild-type CREB, reducing CREBmediated transcription. In this study, overexpression of CREB-DN resulted in both a significant reduction in the basal levels of luciferase activity and a strong suppression of forskolin-activated transcription (Figure 2b ). The transcriptional activation from unmethylated LTR by Tax was partially repressed by overexpression of CREB-DN (Figure 2c ), supporting previous conclusions that Tax-mediated transcriptional activation from the LTR is CREB dependent. Expression of CREB-DN, however, minimally affected Tax-mediated transcriptional activation of the methylated LTR ( Figure 2d ). Moreover, CREB could not be detected in association with methylated LTR by DNA affinity precipitation ( Figure 5b ). Thus, our results imply that the trans-acting function of Tax to transcribe from the methylated LTR is independent of the classical CREB-dependent pathway.
MBD2 can activate transcription from the methylated LTR
As Tax activates transcription from methylated LTR through an unidentified mechanism, we explored the possible involvement of methyl-CpG-binding proteins in this activation. Methyl-CpG-binding proteins, such as MeCP2 and MBD2, can act to silence transcription. To our surprise, MBD2a, but not MeCP2, activated transcription from the methylated LTR upon coproduction of Tax ( Figure 3a ). We did not observe an alteration in either the expression levels of Tax protein (lower panel) or the DNA demethylation of template DNA (data not shown). Transcriptional activation by expression of either MBD2 or MeCP2 alone could not be observed from the unmethylated LTR ( Figure 3b ). The coexpression of MeCP2 with Tax reduced the Taxmediated transcriptional activation from the methylated LTR (Figure 3a ), suggesting a strong gene silencing activity for MeCP2. A similar activation of transcription from a promoter containing a methylated CRE, but not from promoters containing methylated AP-1 elements with artificial CpGs or p53-RE containing artificial CpGs, was observed by following coexpression of Tax and MBD2a ( Figure 3c ). Furthermore, we demonstrated that MBD2 functioned in Tax-mediated transcriptional activation of the methylated LTR using RNA interference against MBD2. RNA interference specifically targeted to MBD2 exhibited a significant reduction in the expression levels of MBD2 in 293 T cells ( Figure 3d ). Under these conditions, Tax-mediated transcriptional activation was reduced to approximately half of that seen in cells treated with a control siRNA ( Figure 3d ). We therefore suggest that MBD2 participates with Tax in the transcriptional activation from methylated LTR promoter.
Physical interaction between Tax and MBD2
The observed synergistic effect of MBD2 on Taxmediated transcription suggested a potential physical interaction of MBD2 with Tax ( Figure 3a ). Coimmunoprecipitation studies identified an interaction between Tax and MBD2a, but not Tax and MeCP2 (Figure 4a ), confirming the results of the reporter assay ( Figure 3a) . We then determined the region of MBD2a that binds to Tax using a GST pull-down assay. MBD2a/b-DC-C, which lacks the C-terminal coiled-coil domain, was unable to bind Tax (Figure 4b ). MBD2b, the splicing variant of MBD2a that lacks the N-terminal portion of MBD2a, retains Tax-binding activity. Thus, GST-MBD2a
MBD2a
MBD2a ∆C-C Molecular interaction between Tax and MBD2a is required for transcriptional activation from the methylated LTR
To examine the importance of the physical interaction between MBD2 and Tax in the transactivation from the methylated LTR, we analysed the effect of a truncated MBD2 on Tax-mediated transcription (Figure 4d ). While coexpression of full-length MBD2a protein with Tax stimulated transcriptional activation (Figure 3a) , coexpression of Tax with a truncated MBD2a that cannot bind to Tax failed to activate Tax-mediated transcriptional activation of the methylated LTR ( Figure 4d) . Thus, the physical interaction between Tax and MBD2a is required for the synergistic activation of transcription from the methylated LTR. We observed a similar result using the MBD2b mutant (data not shown). These results demonstrate that MBD2 participates in transcriptional activation by forming a complex with Tax upon the methylated LTR. However, the coiled-coil domain of MBD2 was not a sufficient factor for the transcriptional activation by Tax and MBD2 because an MeCP2 mutant fused with the coiledcoil domain of MBD2, which possesses Tax-binding activity, failed to activate transcription from methylated LTR in the presence of Tax (data not shown). The molecular interaction between Tax and MBD2 is required but not sufficient for the transcriptional activation.
Recruitment of chromatin components on methylated promoter in the LTR
We then analysed the proteins recruited to the methylated LTR. We focused on proteins associating with the TxRE region of the LTR. We prepared a biotinylated, in vitro-methylated DNA duplex containing three repeats of the TxRE sequence (Figure 5a ). The association of MBD2a, MeCP2, and Tax with the constructed DNA sequence was analysed by DNA affinity precipitation (DNAP) using nuclear extracts from 293T cells expressing Tax in the presence or absence of FLAG-MBD2a or FLAG-MeCP2 (Figure 5a ). We also examined HAT activity of the protein complex on a methylated TxRE (Figure 5a ). While Tax was detected on the DNA when expressed alone, the amount of bound Tax increased upon ectopic expression of MBD2a. MBD2a and MeCP2 could both be recruited to the methylated TxRE promoter. The HAT activity of the complex recruited to the methylated TxRE by Tax and MBD2 was significantly higher than those of other protein complexes formed by ectopic expression of only Tax or Tax plus MeCP2 (Figure 5a , lower panel and graph). Both MBD2a and MeCP2 did not show such strong binding affinities to unmethylated DNA (data not shown). To examine the sequence-specific affinity of MBD2 and MeCP2 for methylated DNA, we prepared methylated DNAs with CREB, AP-1, or p53-RE sequences. When expressed in 293T cells, MBD2 exhibited a strong affinity for methylated TxRE and CRE. MeCP2 bound similarly to all of these DNAs in a manner similar to Ku, which was used as a positive control for DNA binding. Purified MBD2, expressed in Escherichia coli, bound to all DNAs with a similar affinity, which is in contrast to MBD2 expressed in 293T cells, which demonstrates a distinct sequence preference (Figure 5b ). We also assessed in vivo protein complex formation on the methylated LTR by chromatin immunoprecipitation (ChIP) analysis (Figure 5c ). MT-1 and TL-Om1 are HTLV-1-infected cell lines lacking expression of viral genes due to methylation of the provirus. These cell lines commence expression of viral genes upon ectopic expression of Tax (Figure 1c) . MBD2 was detected bound to the methylated 5 0 LTR of the provirus in MT-1 and TL-Om1 cells (Figure 5c ). Acetylated histone H3 was detected at the 5 0 LTR following ectopic expression of Tax (Figure 5c ). We conclude that Tax and MBD2 form a protein complex on the methylated LTR to activate gene expression through chromatin modifications, such as histone acetylation.
Discussion
In general, DNA methylation is thought to be involved in the stable repression of gene expression. Several methyl-CpG-binding proteins bind methylated DNA to promote nucleosome remodeling and to recruit transcriptional repressor protein complexes to the methylated region, leading to transcriptional repression. Recently, however, MBD2 was determined to possess a sequence-specific demethylase activity. In addition, MBD2 restores the transcriptional repression from hypermethylated regions of DNA (Bhattacharya et al., 1999; Detich et al., 2002) . Despite this striking observation, the mechanisms underlying DNA demethylation by MBD2 remain controversial. Fujita et al. (2003) reported that MBD2a binds RNA helicase A (RHA) and activates transcription from hypomethylated CRE. In addition, the N-terminal glycine-rich region of MBD2a bound to RHA. The C-terminal region of MBD2a alone possessed a weak transcriptional activity, suggesting the possibility that MBD2a is involved in transcriptional activation by recruiting cellular factors necessary for transcription. MBD2 is now regarded as not only a repressive but also an active transcriptional regulator. And the molecular mechanisms of MBD2-mediated transcriptional regulation have become much complicated. We observed an intriguing function of Tax, which utilizes MBD2 to transactivate transcription through the methylated HTLV-1 LTR. This may be an example of a novel epigenetic regulation mechanism of gene expression by intracellular parasites.
We demonstrated that Tax cooperated with MBD2 to activate transcription from the methylated LTR. For
Interaction of HTLV-1 Tax with MBD2 T Ego et al this activation to occur, Tax must bind to MBD2, which in turn binds the methylated promoter (Figures 3a and  5a) . If the DNA-MBD2-Tax interaction is a unique pathway governing gene expression from methylated promoters, all such promoters should be activated by Tax in the absence of a preferred DNA sequence by MBD2. MBD2, however, could enhance Tax-mediated transcription from the HTLV-1 LTR and other cellular CRE-containing promoters, but not from AP-1, p53-RE, or CMV promoters. We hypothesize that the DNA-MBD2 association is necessary, but not sufficient, for the transcriptional activation by MBD2/Tax, because the MeCP2 mutant that was fused with the coiled-coil domain of MBD2 and gained the binding ability to Tax failed to activate transcription from methylated LTR (data not shown). Furthermore, the overexpression of Tax alone failed to activate transcription from methylated CRE (Figure 1d ), despite similar binding of MBD2 to methylated CRE as that observed for methylated TxRE (Figure 5b ). Other additive factors that distinguish TxRE from CRE may also exist. We observed the high binding affinity of MBD2, produced in 293 T cells, to the TxRE and CRE sequences (Figure 5b ), suggesting that MBD2 selectively recognizes the CRE-like element within TxRE and the typical cellular CRE sequence. Purified MBD2 expressed in E. coli, however, did not exhibit such a binding preference (Figure 5b ). The reason for this inconsistency using a different source of MBD2 protein remains unclear. One potential explanation is structural differences between MBD2 proteins produced in 293T or E. coli; 293T-expressed MBD2 is fused to an N-terminal FLAG tag, while MBD2 expressed in E. coli has a few additional amino-acid residues extruding from the authentic were mixed with in vitro-methylated oligonucleotide probes (methyl-TxRE, methyl-CRE, methyl-AP-1, and methyl-p53-RE) followed by DNA precipitation. Coprecipitating proteins were then subjected to SDS-PAGE, followed by immunoblotting. In all, 5% total input of nuclear extract or purified protein used for DNAP was used as a positive control of protein expression. Ku 70 protein was detected for internal control for DNA binding. The sequences of the DNA probes are shown below the panel. The artificial CpGs inserted into the AP-1 and p53-RE sequences are indicated as underbars. (c) In vivo protein complex formation on the methylated LTR. MT-1 cells or TL-Om1 cells were infected with a lentivirus expressing either Tax or GFP at an MOI of 5. At 5 days after infection, we performed a ChIP assay using mouse normal IgG, anti-Tax, anti-MBD2, and anti-acetylated H3 antibodies. In all, 1/100 amount of the total chromatin was used as a positive control. Approximately 400 bp of the HTLV-1 5 0 LTR containing 5 0 flanking sequence was amplified by PCR from the immunoprecipitated product. The primers used for PCR are described in Materials and methods
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T Ego et al protein, due to the removal of the GST from the GSTfused MBD2 protein by PreScission protease. An alternate explanation suggests that either MBD2 expressed in 293T cells is post-translationally modified to gain the additional activity of selecting a specific target sequence in DNA or that cellular factor(s) present in the lysates of 293T cells interferes with the association of MBD2 with the AP-1, p53-RE, and CMV promoter sequences, but not those of the TxRE and CRE promoters. A single methyl-CpG is necessary for in vitro binding of MBD2 (Hendrich and Bird, 1998) . MBD2, however, was also shown to have a sequence preference (Ballestar and Wolffe, 2001); MeCP1 complexes recognize methylated CpG clusters (more than 10 CpGs) (Feng and Zhang, 2001) . Although the spread of hypermethylation across CpG islands is linked to MBD2 binding (Stirzaker et al., 2004) , we did not determine a consensus binding sequence for MBD2. MBD2, however, may preferentially bind certain DNA sequences. So other cellular target genes of MBD2 possibly exist. Further studies will hopefully reveal the mechanism of the selective association of MBD2 with TxRE and CRE sequences. Tax-mediated transcriptional activation of a methylated promoter sheds some light on the role of Tax in epigenetic regulation in HTLV-1-infected cells. We observed the activation of transcription from the methylated HTLV-1 LTR in MT-1 cells and TL-Om1 cells upon ectopic expression of Tax. Tax was recruited to this promoter, inducing histone acetylation (Figure 5c ). Histone acetylation or activation of gene expression is linked to demethylation of methylated DNA (Cervoni and Szyf, 2001) . We hypothesize that cellular gene expression from heavily methylated region may occur in HTLV-1-infected cells through the mechanism described in this report, leading to aberrant hypomethylation of that region. The abnormal gene expression caused by Tax may dysregulate the epigenetic control of normal cells, and perhaps leads to oncogenesis. Tax and MBD2 possibly target other methylated sequences and activate transcription from methylated promoters. Although active demethylation was not observed in our short-term experiments in MT-1 cells, and observation of the accumulation of acetylated histones around the heavily methylated DNA sequences recognized by MBD2/Tax may lead to a demethylation state over a longer period. Although this deregulation of expression of methylated genes by Tax has not yet been verified, this transcriptional activation may be one of the unidentified mechanisms by which parasites upset the epigenetic regulation of the host. Recently, Yoshida et al. (2004) reported aberrant gene expression caused by alteration of methylation in HTLV-1-infected cells. However, they did not describe the molecular trigger of these epigenetic changes. They used HTLV-1 cell lines and fresh leukemic cells derived from Adult T-cell Leukemia (ATL) patients for the analysis. In ATL cells, long-term exposure to abnormal condition caused by HTLV-1 likely alters the epigenetic information of cell per se. Thus, it is tempting to know if Tax plays the roles in this process.
The expression of Tax is controlled by two virally encoded promoters, the LTR and the internal promoter within the env gene (Nosaka et al., 1993) . Even during heavy methylation of the 5 0 LTR, Tax can still be activated upon stimulation of the internal promoter location. Tumor cells from patients with adult T-cell leukemia begin to express viral antigens soon after cultivation in vitro, sometimes within a day, suggesting that Tax participates in the demethylation of the provirus promoter. In this process, it is presumed that demethylation of the promoter triggered by an yet unclarified mechanism opens up the promoter activation, which in turn activates Tax expression and leads to further activation of the LTR by cooperation with MBD2.
Materials and methods
Plasmids
The reporter plasmid pLTR-Luc was obtained by inserting the HTLV-1 5 0 LTR (amplified by PCR from the genomic DNA of ATL43Tb(À) cells) into the BamHI/XhoI site of the pGL3-basic vector (Promega). Additional reporter plasmids (pTxRELuc, pAP1-Luc, pCRE-Luc, pp53RE-Luc) were obtained by inserting an oligonucleotide duplex, containing triple repeats of each enhancer element sequence, into the KpnI/XhoI site of the pGL3-basic vector. The sequence of each enhancer element placed upstream of the luciferase gene is shown in Figure 5b . The expression plasmids pcDNA3-flag-MBD2a and its truncations pcDNA3-flag-CREB and pcDNA3-flag-MeCP2 were obtained by inserting cDNA fragments into the BamHI/XhoI site of the flag-tagged pcDNA3 vector (Ariumi et al., 2001) . The cDNA of CREB-DN was prepared as described (Walton et al., 1992) and subcloned into the BamHI/XhoI site of the flag-tagged pcDNA3 vector. pGEX vectors encoding MeCP2, MBD2a, and several truncated MBD2 mutants were obtained by inserting each cDNA into the BamHI/XhoI site of pGEX6p-1 (Amersham Biosciences). A short hairpin RNA (shRNA)-expressing plasmid, pSilencer-MBD2i, was constructed by inserting the oligonucleotide duplex encoding the shRNA sequence specific for MBD2a/b into the ApaI/EcoRI site of the pSilencer-U6 vector (Ambion). The shRNA sequences used were 5 0 -GATCCCCCTGGGAGAAGAGGC TACAAGTTCAAGAGACTTGTAGCCTCTTCTCCCAGT TTTTGGAAAT and 5 0 -CTAGATTTCCAAAAACTGGGA GAAGAGGCTACAATCTCTTGAACTTGTAGCCTCTTC TCCCAGGGG. To construct a lentivirus vector, pLenti-Tax, the Tax cDNA was amplified by PCR from pH 2 R-Tax (Akagi et al., 1997) and subcloned into the BamHI/XhoI site of the pENTR4 vector (Invitrogen). pENTR4-Tax was then recombined into the destination vector, CSII-RfA-EG-Venus (Miyoshi et al., 1998) , using an in vitro recombination system (Gateway, Invitrogen).
In vitro methylation of DNA Reporter plasmids and oligonucleotide probes synthesized in vitro were methylated in vitro using SssI methyltransferase (New England Biolabs) according to the manufacturer's protocol. Methylated DNA was recovered by phenol/chloroform extraction and isopropanol precipitation. Complete methylation was confirmed by full protection from HpaII digestion.
Cell culture and transfection
HEK293T cells were maintained in Dulbecco's modified Eagle's medium (Nissui) supplemented with 10% heatinactivated fetal bovine serum (FBS), L-glutamine, and kanamycin at 371C in a humidified 5% CO 2 atmosphere. MT-1, TL-Om1, and Jurkat cells were maintained in RPMI 1640 medium (Nissui) supplemented with 10% heat-inactivated FBS, L-glutamine, and kanamycin at 371C in a humidified 5% CO 2 atmosphere. Cells were transfected with plasmids using Fugene6 (Roche) according to the manufacturer's protocol. The lentivirus gene expression system was generously provided by Dr H Miyoshi. We cotransfected 4.5 mg pLenty-Tax and 3 mg pCMV-VSV-G (Naldini et al., 1996) , pMDLg, and pCMV-Rev (Dull et al., 1998 ) into a packaging cell line (293FT). At 4 h after transfection, the culture medium was replaced with fresh medium supplemented with 10 mM forskolin (Sigma). After a 48-h incubation, the culture medium was harvested and ultracentrifuged at 50 000 g for 2 h. The pellet was resuspended in Hanks' buffer (Invitrogen). The titer of the harvested virus was measured using a modified TCID method. Concentrated virus solutions were used for virus infection at an MOI of 5.
Reporter assay
After transfection with the specified plasmids, we performed a luciferase assay using the luciferase assay system (Promega) according to the manufacturer's instructions. Luminescence intensity was measured in a luminometer (Berthold).
Immunoprecipitation
Immunoprecipitation was performed as previously described (Ego et al., 2002) with the following modifications. Cells were lysed in immunoprecipitation lysis buffer (10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 30 mM sodium vanadate, 1 mM NaF, 0.2% Nonidet P-40 (NP)-40, 1 mM DTT, and 1 mM PMSF). Desired proteins were precipitated with respective antibodies from cell lysates; precipitated proteins were separated by SDS-PAGE, followed by immunoblotting using appropriate antibodies.
Immunoblotting
Cells were lysed in lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 4 mM EDTA, 1% NP-40, 0.1% SDS, 1 mM DTT, and 1 mM PMSF). Lysates were subjected to SDS-PAGE, followed by immunoblotting analysis, using the following primary antibodies: anti-Tax (TAXY7) (Tanaka et al., 1991) , anti-p19gag (GIN7) (Tanaka et al., 1986) , anti-MBD2, anti-FLAG, anti-CREB, and anti-Ku. Anti-MBD2 and anti-CREB were obtained from Upstate Biotech, while anti-FLAG and anti-Ku were purchased from Sigma and Serotec, respectively.
RT-PCR
Total RNA was isolated from cells using RNAeasy (Qiagen), according to the manufacturer's protocol. RNA (1 mg) was used for reverse transcription using Superscript III (Invitrogen) with oligo-dT as a primer (Invitrogen). Reverse-transcribed RNA was subjected to PCR using primer sequences to detect the HTLV-1 env gene ( 
Analysis of methylation status
In vitro-methylated pLTR-Luc (5 mg) was linearized using BamHI. At 48 h after transfection, total DNA was isolated from 293 T cells and subjected to sodium bisulfite sequencing analysis (Detich et al., 2002) . The primer sequences for amplification of the sense strand of the HTLV-1 5 0 LTR modified by bisulfite were 5 0 -TAATGATTATGAGTTT TAAAT-3 0 and 5 0 -CAATTCAAAAAACACCACAAA-3 0 . The nucleotide sequences of 16 independent clones were determined by standard DNA sequencing (ABI).
DNA affinity precipitation (DNAP) analysis and assay of in vitro DNAP-linked histone acetyltransferase Nuclear extracts were prepared as described previously (Dignam et al., 1983) . Either nuclear extracts or purified proteins in binding buffer (10 mM HEPES (pH 7.9), 100 mM NaCl, 1 mM EGTA, 5% glycerol, 0.1% NP-40, 1 mM DTT, 1 mM PMSF) were incubated for 30 min with 15 mg poly(dIdC) (Amersham Biosciences) and 2 mg biotinylated DNA probe (in vitro methylated or mock methylated) at 41C. Following incubation, streptavidin-coated magnet beads (Promega) were added to the reaction and incubated for an additional 30 min at 41C. The beads were then washed five times in binding buffer. Precipitated proteins were then subjected to SDS-PAGE followed by immunoblotting. In the in vitro DNAP-linked histone acetyltransferase (DNAP-HAT) assay, DNA-bound proteins were washed four times in binding buffer and washed twice in HAT buffer (50 mM TrisHCl (pH 8.0), 50 mM NaCl, 1 mM DTT, 100 nM trichostatin A). Purified histone H3 and H4 substrates (Roche), dissolved in 30 ml of HAT buffer, and 2 ml [ 14 C]acetyl Co-A (NCI) were added and incubated at 301C for 60 min. The reaction mixture was then subjected to SDS-PAGE. Incorporated radioactivity was detected by autoradiography. The intensity of the signal was evaluated using Image Gauge Software (FUJIFILM).
Protein purification and GST pull-down assay
All recombinant GST fusion proteins were expressed in and purified from the BL21 strain of E. coli (Amersham Biosciences). The GST pull-down assay was performed as described previously (Ego et al., 2002) . To purify MBD2 protein, the GST fusion GST-MBD2a, which has a cleavage sequence between GST and MBD2 for PreScission Protease, expressed in E. coli was bound to glutathione Sepharose 4B (Amersham Biosciences). Bound protein was digested with PreScission Protease (Amersham Biosciences) and dialysed against binding buffer for DNAP. Dialysed solutions were concentrated and used for DNAP.
Chromatin immunoprecipitation assay
The ChIP assay was performed as described previously (Nambu et al., 2003) . We utilized the following antibodies for immunoprecipitation: normal mouse immunoglobulin (IgG; Zymed Laboratories), antibodies against Tax (TAXY7), MBD2 (Upstate Biotech.), and acetylated histone H3 (Upstate Biotech.). Primers used for PCR were as follows: for MT-1 cells: sense 5 0 -AACAGATAATGTACGTGTAG-3 0 , and antisense 5 0 -CGTGAAGGAGAGATGCGAGC-3 0 ; for TL-Om1 cells: sense 5 0 -ACTCATTGTTTTTTATGGCA-3 0 and antisense 5 0 -CGTGAAGGAGAGATGCGAGC-3 0 .
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